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bstract

Slow-wilting has been observed in several soybean genotypes as a phenotypic response to drought stress. This trait has been proposed as useful in
mproving the yield of soybean under drought conditions, but the exact nature of the trait is unresolved. This research explored the hypothesis that
low-wilting is an expression of soil water conservation that results from a plant-imposed limitation on maximum transpiration rate. Therefore, gas
xchange by slow-wilting and commercial genotypes was measured over a range of atmospheric vapor pressured deficit (VPD). Two experiments
ere undertaken to examine the response by whole plants and by plant canopies. The results showed that indeed the slow-wilting genotypes reached
maximum transpiration rate at a VPD of about 2.0 kPa with little or no further increase in transpiration rate above this value as VPD was increased.
n contrast, the commercial cultivars showed continued increases in transpiration rate as VPD was increased above 2.0 kPa. These results indicated
hat the slow-wilting trait would be especially desirable in low humidity (high VPD) environments where water deficits commonly develop in the
ater part of the season. In these environments, restricted transpiration rate during the middle of the day with high vapor pressure deficit would
esult in water conservation allowing for both increased yield and water use efficiency.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Atmospheric evaporative demand, and consequently crop
ranspiration increase with increasing atmospheric vapor pres-
ure deficit (VPD) (Sinclair and Bennett, 1998). Atmospheric
PD and transpiration rates follow a diurnal pattern, being low-

st at sunrise and increasing to a maximum at around 15:00 (e.g.
irasawa and Hsiao, 1999). However, the increase in transpi-

ation has limits and a limiting maximum transpiration rate is
ommonly reached at a VPD of ∼2.0 kPa (Turner et al., 1984;
omstock and Ehrleringer, 1993). Similarly, Bunce (1981)
howed decreased stomatal conductance (limitation on transpi-
ation) in a number of species, including soybean, between VPD
f 1.0 and 2.5 kPa. Although these studies showed a similar pat-
ern, the transpiration response differs both among (e.g. Turner
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t al., 1984) and within species (Salih et al., 1999; Isoda and
ang, 2002).
In soybean, Bunce (1984) demonstrated a lower stomatal

onductance at an atmospheric VPD of 3.0 kPa compared with
.0 kPa, and found genotypic differences in the response. Unfor-
unately, these tests only used a high and low VPD and did not
xamine the entire response to a range of VPD. Furthermore,
nly the leaf being measured was subjected to the VPD treat-
ent and the transpiration response to VPD may be associated
ith whole plant hydraulics.
A limit on maximum transpiration rate could be particu-

arly important in non-irrigated crop production. In a simulation
nalysis, Sinclair et al. (2005) demonstrated that imposition of
imited maximum transpiration rates increased sorghum yields
n 76–90% of seasons in a semi-arid environment. This outcome
as due both to the water savings associated with reduced tran-
piration and to increased transpiration use efficiency (TUE).
he systems analysis of Sinclair and Muchow (2001) showed

hat decreased radiation use efficiency (RUE) could increase
aize yields in water-limited environments. However, when
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Table 1
Sowing dates, measurement dates and dates of destructive leaf area and biomass
harvests of the plants used in Experiment 1

Block 1 Block 2 Block 3

Sowing 8 May 30 June 30 June

Measurement date 5 June (28) 7 August (38) 10 August (41)
7 June (30)

Destructive leaf 9 June (32) 9 August (40) 11 August (43)
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ater was not limiting, the associated lower growth rate resulted
n yield penalties (Sinclair and Muchow, 2001; Sinclair et al.,
005).

Crop photosynthesis is proportional to the transpiration
ate multiplied by VPD divided by a transpiration efficiency
oefficient (Tanner and Sinclair, 1983). A limited maximum
ranspiration rate that is reached when atmospheric VPD exceeds

2.0 kPa would result in an afternoon depression of photosyn-
hesis (e.g. Hirasawa and Hsiao, 1999; Pettigrew et al., 1990).
he correlation in the decrease in corn and sorghum RUE with

ncreasing VPD reported by Stockle and Kinry (1990) and Kiniry
t al. (1998) is consistent with such a response. Limiting tran-
piration rate to a maximum would result in a restriction of
vaporative cooling of leaves and concomitant increased leaf
emperatures, which would be greatest when atmospheric VPD
s greatest typically at about 15:00 (e.g. Isoda and Wang, 2002).

In non-irrigated soybean crops, water-deficit is a major yield-
imiting factor and considerable effort has been spent identifying
raits that will limit the yield reduction under drought (Purcell
nd Specht, 2004). In a drying soil the slow-wilting soybean
enotypes PI 416937 (Hudak and Patterson, 1995; Sloane et
l., 1990) and PI 471938 wilt 3–4 days later than commercial
enotypes. However, the mechanism of this trait remains unre-
olved (Sinclair, 2004). These slow-wilting genotypes may have
educed transpiration rates compared with commercial geno-
ypes resulting in significant soil water savings early in the
eason. For example, although the data of Sloane et al. (1990)
ere not statistically significant, under well-watered conditions

eaf transpiration rates were 181 mg H2O m−2 s−1 for ‘Forrest’,
nd 168 mg H2O m−2 s−1 for PI 416937.

In this paper two experiments are presented to test the hypoth-
sis that slow-wilting soybean genotypes have a maximum
ranspiration rate less than that of commercial genotypes. The
rst experiment measured transpiration in response to atmo-
pheric VPD for individual plants of the two slow-wilting
enotypes as compared to two commercial soybean geno-

ypes. The second experiment examined diurnal photosynthesis
nd infra-red temperature data for complete canopies of one
low-wilting and one commercial soybean genotype in sunlit
ontrolled-environment chambers.

r
w

t

Fig. 1. Simple diagram of the system used to measure soybean transpiration res
area harvests

he values in brackets are days after sowing.

. Materials and methods

Both experiments were conducted at the University of Florida
ampus (29◦38′N, 82◦22′W) in Gainesville, FL. Experiment 1
as carried out in a glasshouse and Experiment 2 in Soil-Plant-
tmosphere Research chambers.

.1. Experiment 1

Three blocks of soybean plants were used in Experiment
. Each block consisted of the same four soybean geno-
ypes (A5959 and Graham, both commercial genotypes; and PI
16937 and PI 471938, both slow-wilting genotypes) replicated
hree times. Thus each block contained twelve plants, which
ere organized in a completely randomized design. Sowing and
easurement dates for each block are provided in Table 1.
The plants were sown into pots made from 100 mm diameter,

80 mm tall polyvinyl chloride pipes fitted with a flat end cap.
he end cap had a small hole drilled in the centre for drainage.
he top, open end of the pipes was fitted with toilet flanges for
ttaching the VPD chamber. Each pot was filled with Gardenplus
op soil (#92432, Lowes Inc., North Wilkesboro, NC), inoculated
ith Bradyrhizobium japonicum (Nitragin, Brookfield, WI) and

upplied with ∼4 g of osmocote vegetable and bedding slow

elease plant fertilizer (14% N–6.1% P–10% K). Plants were
atered every 2–3 days from sowing until measurements began.
To impose VPD treatments on the plants a small chamber sys-

em was attached to the pots at the time of measurement (Fig. 1).

ponses to vapor pressure deficit. A full description is provided in the text.
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he evening prior to measurements each pot was fully watered
o dripping and a 340 mm diameter lid of a food container (Rub-
ermaid Commercial Products LLC, Winchester, VA) with the
entre cut out was attached to the toilet flange at the top of the
ot. Plants were sealed around the base using aluminum foil to
liminate soil evaporation into the chamber.

The following morning the aerial parts of the plants were
ealed into a 21 L opaque plastic food container (Rubbermaid
ommercial Products LLC, Winchester, VA) by placing the

nverted container over the plant and sealing it into the previ-
usly installed lid. These containers extinguished approximately
5% of the solar radiation. The whole assembly was then placed
n a shaded greenhouse. The light levels in the greenhouse were
pproximately 70% of irradiance incident to the greenhouse.
ach container was equipped with a 12 V, 76 mm diameter com-
uter box fan (Northern Tool and Equipment, Burnsville, MN)
o mix the air inside the chamber. In addition, a pocket humid-
ty/temperature pen (Extech Instruments, League City, TX) was

ounted through the side wall of each container. Various humid-
ty levels were achieved by flowing different air sources into
hese containers via plastic tubing (8 mm outside diameter) to
alance the humidifying effect of the transpiring leaves. For each
lock of plants, three separate humidity levels were used. For
ach measurement the humidity was set and then the plant and
ir in the container were allowed to equilibrate for 10–15 min
efore measurements began. On each day, measurements were
tarted at the highest humidity and then each of the mid humidity
nd low humidity settings were used in turn.

The configuration to achieve the highest humidity was differ-
nt among blocks. In block 1 the highest humidity was achieved
y flowing air at a low rate of 5 L min−1 into each chamber using
wo 57 L air compressors (Kobalt model L-215902, Lowe’s
ompanies Inc., North Wilkesboro, NC). In blocks 2 and 3

he highest humidity was achieved by flowing air at 5 L min−1

sing two pumps (DOA0P704, Gast, Benton Harbor, MI) with
heir intake tubes inside an atomizing humidifier (Herrmidifier,
anford, NC). All flow rates were monitored using flow meters
Model FL-2043, Omega, Stamford, CT), one for each chamber.

The lower humidity treatments were obtained by changing the
ir flow rate into the plant chambers. In all blocks, mid humid-
ty was achieved by flowing air into the containers at a rate of
5–30 L min−1 from the two compressors. The lowest humid-
ty was achieved for all three blocks by flowing air from the
wo compressors through PVC tubes of 32 mm diameter filled
ith six-mesh indicating drierite (W.A. Hammond Drierite Co.
td., Xenia, OH) into the containers at a rate between 10 and
0 L min−1. At each setting, the humidity levels varied greatly
mong chambers, even within a genotype, due to the size of indi-
idual plants. Therefore, in subsequent analyses the measured
umidity in each chamber was used and no attempt was made
o calculate a mean for the replicates of each block.

For each temperature and humidity setting the transpira-
ion per plant was taken as the difference in mass between the

tart and end of each measurement. Mass was determined using
ortable balances (Model MXX-5, Denver Instrument, Denver,
O), which have a maximum capacity of 5000 g and a readabil-

ty of 1 g. For each of the high and mid humidity treatments,
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ranspiration rates were measured over a 20–35 min period. For
he low humidity setting, transpiration rates were measured over
10–20 min period. During each humidity treatment, air tem-

erature and relative humidity were recorded two to three times.
fter each set of measurements plant leaf area was determined
estructively by passing the leaves through an area meter (Model
I-3100, Licor, Lincoln, NE) on the dates indicated in Table 1.
hole plant transpiration rates were converted to transpiration

er unit leaf area rates (Tr, mg H2O m−2 s−1).
Air temperature and relative humidity data were used to cal-

ulate the mean atmospheric VPD for each measurement. The
ata were analyzed by plotting Tr against VPD. There was a
arge amount of scatter among data points; therefore, the data
or each genotype were grouped into cohorts of four consecutive
alues of VPD. The mean of both VPD and Tr for these cohorts
ere used in further analysis.
Two regression equations were applied to the grouped data

sing least-squares regression in Graph pad prism 2.01 (Graph
ad Software Inc., San Diego, CA, 1996) for each genotype.
nitially a double linear regression was applied to the data:

f VPD < X0, Tr = S1(VPD) + C1 (Line 1)

f VPD ≥ X0, Tr = S2(VPD) + C2 (Line 2) (1)

here X0 is the break point between the two line segments, S1
nd S2 the slopes of the first and second line segments, respec-
ively, and C1 and C2 are the constants of the first and second
ine segments, respectively. In the regression, the second line
egment is constrained to intersect with the first line segment at
0. The slopes of the two linear regressions (S1 and S2) were
tatistically compared to determine if they differed significantly
p < 0.05). If the slopes differed, the double-linear regression
as retained. When the slopes were not significantly different,
simple linear regression was applied to all the data.

.2. Experiment 2

Soil-Plant-Atmosphere Research chambers were used to
easure gas exchange by entire canopies of different soybean

enotypes when subjected to varying VPD. The controls and
easurement capabilities of these chambers have been described

n detail (Allen et al., 2003; Pickering et al., 1994). Briefly, the
hambers have a soil surface area of 2 m2 and soil depth of 0.6 m
ith the upper chamber having a height of 1.5 m. The sunlit

hambers allow control of CO2 concentration, and air and dew
oint temperatures. Measurements using a line quantum sensor
Model LI-191, Licor, Lincoln, NE) indicated that photosynthet-
cally active radiation levels in the chambers were approximately
0% of those outside the chambers. Gas exchange data from the
hambers were recorded and used to calculate and record whole
anopy net carbon exchange rate (CER, �mol CO2 m−2 s−1)
very 5 min. Canopy temperatures were also recorded using
n industrial infra-red radiation thermometer (Omega Engineer-

ng, Stamford, CT) every 5 min. While the chamber system was
esigned to determine canopy transpiration rates, such data were
ot obtained because of difficulties with the equipment in mea-
uring these data, and because of water condensation on the
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hamber walls resulting from cool outside temperatures during
he night. Canopy temperature measurements are presented as
n indication of differences in transpiration rate. A compara-
ively high canopy temperature indicated a lower transpiration
ate for that canopy.

Two soybean genotypes, PI 416937 (slow-wilting) and
5959 (commercial), were sown in these chambers on 19
ecember 2005. Three chambers of each genotype were sown in
completely randomized design. Seeds were sown in a square

onfiguration at 150 mm spacing resulting in a plant popula-
ion of 44 m2. Two seeds were sown per space and the plants
ere subsequently thinned on 2 January 2006 (14 days after

owing). These plants were supplied with 120 g m−2 osmocote
low-release fertilizer, and were inoculated with B. japonicum
Nitragin, Brookfield, WI). The plants were watered daily to
void water deficits. Initially plants were watered with overhead
rrigation, but on 6 January a constant water table was established
o that water did not limit CER or transpiration. Photoperiod was
xtended to ∼15 h in order to maintain the canopies in a vegeta-
ive state. On 6 February, the photoperiod extension was ended
nd shade cloths were erected around the sides of each chamber
t the height of the canopy to eliminate edge effects on CER
easurements. The CO2 within the chambers was maintained
t 400 �L CO2 L−1.
Dew point temperatures were set constant at 14 ◦C and air

emperatures were set to follow a harmonic change between

w
e
t

ig. 2. Set (dotted lines) and obtained (solid lines), air and dew point temperatures (a
e and f) in the SPAR chambers on 13 and 16 February.
erimental Botany 61 (2007) 145–151

minimum of 22 ◦C at 07:00 EST and a maximum of 32 ◦C
t 15:00 EST. Therefore, the atmospheric VPD in the cham-
ers was set to vary from 1.0 to 3.2 kPa through the daily
ycle. The chambers tracked these set values well except for
slight increase in midday dew point temperature to approxi-
ately 15 ◦C (Fig. 2). Therefore, maximum atmospheric VPD
as slightly lower (∼2.6–2.8 kPa) than the set value during the
iddle of the day (Fig. 2). There were no significant differences

p < 0.01) for either the air temperature or the dew point temper-
ture experienced by the two genotypes. Therefore comparisons
f canopy temperature were a valid indicator of canopy transpi-
ation rates. These settings were maintained for both the growth
nd measurement phases.

Detailed measurements of CER and canopy temperature were
ecorded from 7 to 23 February. However, data from 13 Febru-
ry and 16 February were representative of the overall pattern
nd only results from these days are presented. Solar radia-
ion interception was measured on 14 February by taking above
anopy and below canopy readings with the line quantum sen-
or. All canopies intercepted 95% or more of the incoming solar
adiation.

On 27 February, the middle three rows in each chamber were
estructively harvested. The number of plants in each sample

as recorded as was the total number of plants remaining in

ach chamber. The plants were clipped at the soil surface and
hese were separated into stem and leaf fractions. A sub-sample

and b), vapor pressure deficits (c and d) and photosynthetically active radiation
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f ∼2000 cm2 was measured using a LI-3100 area meter. This
eaf area sub-sample, the remaining leaves and the stem fraction
ere all dried in a fan forced oven to a constant weight. These
alues were then used to calculate leaf area index (LAI) for
ach Soil-Plant-Atmosphere Research chamber. At the end of
he experiment, LAI was 6.9 for PI 416937 and 5.8 for A5959.

. Results

.1. Experiment 1

Air temperatures inside the humidity containers were nor-
ally distributed with a mean temperature of 34.9 ± 1.8 ◦C

S.D.). Relative humidity ranged between 37 and 82%. Calcu-
ated VPD were between 1.1 and 3.7 kPa for all humidity settings
nd soybean genotypes.

For three of the genotypes tested, A5959, Graham and
I471938, Tr response to increasing VPD was found to be linear
R2 ≥ 0.70) over the whole range of tested VPD. The slopes were
6.0 ± 4.8 (S.E.M.), 22.5 ± 3.6 and 21.0 ± 5.6 mg H2O m−2 s−1

or each 1 kPa increase in VPD, respectively (Fig. 3). In con-
rast, the response of Tr to VPD of PI416397 was fitted best
y the original double-linear response (R2 = 0.97). At low VPD,
r for this genotype increased by 30.8 ± 3.0 mg H2O m−2 s−1

or each 1 kPa increase in atmospheric VPD up to an X0 of
.13 ± 0.07 kPa, above which there was no further increase in Tr
etween a VPD of 2.13 and 2.90 kPa (Fig. 3). The plateau value
f Tr in this genotype was approximately 42 mg H2O m−2 s−1.

Extrapolation of S in A5959 and S1 in PI 416937 to zero Tr
ndicated that the intercept would occur at an atmospheric VPD

reater than zero. This result appears likely to be a consequence
f calculating atmospheric VPD rather than a VPD based on leaf
emperature, which was cooler than air temperature resulting in
lower saturated vapor pressure.

i
t
d
s

ig. 3. Leaf transpiration rates of four soybean genotypes in response to VPD. Data
tandard error of the mean. Where no error bars are visible the error bars are smal
elationships and the regression in (c) is a double-linear relationship.
erimental Botany 61 (2007) 145–151 149

.2. Experiment 2

Both A5959 and PI 416937 showed a similar diurnal change
n CER. Only 2 days of data from nearly cloudless days are
resented in Fig. 4, but all days showed a similar pattern. Ini-
ially CER was low early in the morning and then increased as
he solar radiation increased. However, at approximately 10:00
he CER of the two genotypes began to differ on all days. The
ER in the period from 10:00 and 15:00 was between 4 and
�mol m−2 s−1 greater in A5959 than in PI 416937 canopies
n 13 and 16 February (Fig. 4).

Plots of canopy temperature showed that PI 416937 leaves
ere consistently warmer than A5959 leaves. The canopy tem-
erature difference between genotype was approximately 1.5 ◦C
t 08:00 and increased with atmospheric VPD and solar radiation
o a maximum of approximately 3.0 ◦C around 15:00.

. Discussion

The results of the two experiments demonstrated differences
mong soybean genotypes in their response of transpiration to
tmospheric VPD. In Experiment 1 the slow-wilting genotype
I 416937 exhibited a clear limit on transpiration rate when VPD
as greater than 2.1 kPa (Fig. 3c). In contrast the commercial

ultivars A5959 and Graham had continued increases in Tr above
.1 kPa VPD of 26.0 and 22.5 mg H2O m−2 s−1 kPa−1, respec-
ively (Fig. 3a and b). These results are consistent with the results
n Experiment 2 in which CER during the middle of the day when
PD was high (Fig. 4a and b) was ∼5 �mol CO2 m−2 s−1 higher
n A5959 as compared with PI 416937. The 3 ◦C higher canopy
emperature in PI 416937 compared with A5959 is further evi-
ence of a lower midday transpiration rate in this slow-wilting
oybean genotype (Fig. 4c and d).

are the mean of four consecutive data points and the error bars represent ± 1
ler than the data points. The regressions in (a), (b), and (d) are single linear
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ig. 4. Net carbon exchange rates (CER) on 13 February (a) and 16 February (
d) of PI 416937 and A5959 soybean canopies grown in SPAR chambers in Ga

A limitation on maximum transpiration rates could be a key
rait in less humid regions where VPD is high and irrigation
s not available by allowing a significant water saving (Sinclair
t al., 2005) early in the season. Early season conservation of
ater would give the crop a soil water reserve to complete devel-
pment and growth during seed fill. In addition, increasing the
elative amount of water transpired in the morning when VPD is
owest compared with the afternoon, a limiting maximum tran-
piration rate will lead to small but important increases in crop
UE (Sinclair et al., 2005). Consequently, the limited soil water
vailable for transpiration would allow the production of greater
ield.

The water savings associated with maximum transpiration
ates will be especially important in soybean where N2 fixation
ates are as high as 4.5 kg N ha−1 day−1 (Guafa et al., 1993) and
re especially sensitive to water deficits (Sinclair et al., 1987).
he decline in fixation is rapid when the fraction of transpirable
oil water (FTSW) is less than ∼0.5 (Sinclair, 1986). There-
ore, every day that FTSW remains above 0.5 increases crop
ield. Furthermore, this yield improvement will be greater where
TSW is less than 0.5 for a substantial time, due to intermittent
ainfall.

However, a limiting maximum transpiration trait can have
rawbacks. Where soil water supply is plentiful and there is no
imitation to yield, a limiting maximum transpiration rate will
esult in decreased midday CER (Fig. 4) and may result in lower
ields. For example, in a field scale test of 18 soybean genotypes
ith similar maturity, PI 416937 had the second lowest yield
hich was only 64% of the average yield (Cho et al., 2003).
ll genotypes tested were of similar maturity (MG IV-VI) and
ook 118 ± 4 days to maturity. Analysis of historical weather
ata from this location (http://www.wunderground.com/cgi-
in/findweather/getForecast?query=Carbondale+IL) showed
hat mean midday atmospheric VPD exceeded 2.5 kPa on 20%

C

G

d canopy IR temperatures for the canopies on 13 February (c) and 16 February
lle, FL. Data are the mean of three chambers.

f the days, which would be sufficient to reach the maximum
ranspiration rate of PI 416937 (Fig. 3). The low yield of PI
16937 under these climatic conditions is consistent with a
imiting maximum transpiration rate (Fig. 3) and decreased
hotosynthesis activity (Fig. 4).

Under certain non-irrigated conditions, where VPD is high,
hose genotypes having a limited maximum transpiration rate

ay yield more due to significant water savings. Therefore, this
rait may be particularly useful for breeding soybean genotypes
pecifically targeted to environments with high VPD and low
ater supply. A whole crop simulation analysis, similar to that of
inclair et al. (2005), could be used to target this trait to specific
egions. Even in regions where this trait is well adapted, how-
ver, it is likely that in some rainy seasons a limiting maximum
ranspiration rate will result in yield penalties. Consequently, a
imiting maximum transpiration rate is likely to increase yield
tability, but, with the associated disadvantage of yield penalties
n high-yield potential seasons.
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